We report here the results of a chemical genetic screen using small molecules with known pharmacologies coupled with a cortical brain slice-based model for ischemic stroke. We identified a smallmolecule compound not previously appreciated to have neuroprotective action in ischemic stroke, the cardiac glycoside neriifolin, and demonstrated that its properties in the brain slice assay included delayed therapeutic potential exceeding 6 h. Neriifolin is structurally related to the digitalis class of cardiac glycosides, and its putative target is the Na ؉ ͞K ؉ -ATPase. Other cardiac glycoside compounds tested also showed neuroprotective activity, although with lower apparent potencies. In subsequent whole-animal studies, we found that neriifolin provided significant neuroprotection in a neonatal model of hypoxia͞ischemia and in a middle cerebral artery occlusion model of transient focal ischemia. The neuroprotective potential of Na ؉ ͞K ؉ -ATPase is of particular interest because of its known ''druggability''; indeed, Food and Drug Administration-approved, small-molecule compounds such as digitoxin and digoxin have been in clinical usage for congestive heart failure and arrhythmias for several decades. Thus, an existing cardiac glycoside or closely related compound could provide an accelerated path toward clinical trial testing for ischemic stroke. Our findings underscore the important role that hypothesis-neutral, high-content, tissue-based screens can play in the identification of new candidate drugs and drug targets for the treatment of diseases for which validated therapeutic pathways are not currently available.
S
troke is the third leading cause of death in the United States, with Ͼ700,000 new cases diagnosed each year (1) . By the year 2020 stroke is expected to be the fourth leading disease burden worldwide (2) . Stroke-related healthcare costs are tremendous, with nearly 1 million hospitalizations each year in the U.S. and costs associated with the care of stroke victims exceeding an estimated $50 billion for the year 2005 (50) .
Although dramatic improvements have been made in the last decade in the prevention of stroke, there remains a need for drugs that provide direct neuroprotection and͞or neuroresuscitation to neural tissues that are functionally impaired after stroke but whose damage is potentially reversible. In fact, some 50 neuroprotective drug candidates have now been tested in Ͼ100 stroke clinical trials, with none as yet proven to be efficacious, despite promising results having been seen in preclinical models of ischemic stroke for many of these drug candidates (2) . Thus, the only drug that has been approved by the Food and Drug Administration for stroke therapy remains i.v. recombinant tissue plasminogen activator, currently given to Ͻ5-10% of acute ischemic stroke patients because of its limited time window for drug administration of only 3 h beyond stroke onset (3) .
The large number of failures of neuroprotective drug trials suggests that the molecular drug targets that have been addressed to date, such as the NMDA-type glutamate receptor (4), may be intrinsically problematic for a number of reasons, including inherent limitations on therapeutic time window and clinically limiting side-effect profiles. Consequently, much attention has been focused in recent years on using genomic, proteomic, and other systems biology approaches in identifying new drug target candidates for stroke drug intervention (see review in ref. 5) .
In this context we developed a tissue-based, high-content assay model for ischemic stroke based on biolistic transfection of visual reporter proteins into cortical brain slice explants (6, 7) . We used this screening platform to survey a chemical genetic collection of small molecules with known pharmacologies similar to the National Institute of Neurological Disorders and Stroke Custom Collection for neuroprotective action after oxygen and glucose deprivation (OGD) in these brain slices.
A key advantage of this approach was that no preselection of targets was made, allowing a ''hypothesis-neutral'' approach to be taken to maximize the range of pathways that would be tested. Moreover, such a chemical genetic approach using small-molecule organic compounds to probe cellular pathways increased the likelihood that any newly discovered pathways would be ''druggable'' (i.e., targetable by specific small-molecule drug compounds).
Finally, maintaining the three-dimensional tissue architecture surrounding the neurons being assayed increased the likelihood that mechanisms of pathogenesis occurring in this model would be physiologically and clinically relevant and representative of the in vivo situation of neural tissue degeneration after ischemic stroke. In contrast, substantial changes in the nature and balance of cell signaling pathways occur when neurons are dissociated from their native tissue context and either immortalized or placed into dissociated primary culture, potentially deemphasizing mechanisms and targets that would otherwise be clinically important.
We thus hypothesized that the ''ultra''-high content of this screening approach could identify not only well characterized and previously drugged signaling pathways, but also drug-like compounds and biochemical pathways whose relevance to ischemic stroke may not have previously been detectable by using simpler screening platforms.
We report here the experimental findings for one of the neuroprotective ''hits'' identified in this chemical genetic survey, neriifolin, a member of the cardiac glycoside family of drugs that have been used extensively as inotropic agents in the treatment of congestive heart failure and atrial arrhythmias. We show the effectiveness of neriifolin in providing neuroprotection in two ex vivo brain explantbased experimental models of ischemic damage, as well as in two independent whole-animal rodent models for clinical stroke. Taken together, these findings suggest that the target of action of cardiac glycoside drugs such as digitoxin and digoxin in the heart, the sodium͞potassium adenosine triphosphatase (Na ϩ ͞K ϩ -ATPase), may represent a favorable drug target for the treatment of ischemic stroke.
Results
Neuroprotective Activity and Delayed Therapeutic Potential of Neriifolin. The potential efficacy of small-molecule compounds was compared against positive controls including cotransfection with the neuroprotective gene bcl-xL (Fig. 1b) (8, 9) and the neuroprotective compound MK-801 (Fig. 2a) . Pretreatment with MK-801 before and during OGD provided levels of neuroprotection comparable to that afforded by cotransfection with bcl-xL. However, as has previously been documented in several experimental systems (10, 11) , short delays in MK-801 administration (e.g., 10 min after OGD) resulted in a nearly complete loss of its neuroprotective activity (Fig. 2a) . Based on this observation and the known clinical importance of a delayed treatment paradigm, we designed the primary screen such that the neuroprotective potential of smallmolecule compounds was assessed after a minimum post-OGD delay of administration of 30 min.
When a set of 10 previous candidate stroke drugs was assayed in this manner, only modest neuroprotective effects were observed (Fig. 2b) ; indeed, these effects were only somewhat higher than fluctuations in neuronal survival that were seen in a panel of known pharmacologically active small molecules that was surveyed to gauge the ''noisiness'' of the assay system (see Fig. 6 , which is published as supporting information on the PNAS web site). However, three of these stroke drug candidates, NXY-059, lubeluzole, and repinotan, exhibited neuroprotective effects strong enough to have been flagged as preliminary hits and, as such, indicated that this assay platform can be predictive of efficacy in in vivo models for focal ischemia, because all three of these com- , vehicletreated brain slices not subjected to OGD; bcl-xL, brain slices subjected to OGD but cotransfected with bcl-xL), even delays of 5-10 min in administration resulted in substantial loss of neuroprotective activity. Gray bars denote P Ͻ 0.05 with respect to OGD plus vehicle (second bar) using ANOVA followed by Dunnett's post hoc comparison test. (b) Slices were treated 30 min after 7.5 min of OGD with 10 different stroke drug candidates studied in clinical trials, all of which, except atenolol, also have been reported to reduce cerebral infarct size resulting from experimental MCAO. Group 1, NXY-059 (tert-butylphenylnitrone); group 2, lubeluzole; group 3, repinotan; group 4, traxoprodil; group 5, aptiganel; group 6, MK-801; group 7, Maxipost; group 8, citicoline; group 9, gavestinel analog; group 10, atenolol. Each compound was tested at five concentrations between 1 and 100 M (shown high to low from the left for each block), except for Maxipost, which was tested at eight concentrations between 0.8 and 100 M. The lower solid gray line shows average OGD plus vehicle level for this experiment, with 1, 2, and 3 SDs above negative control shown as dotted lines. The upper solid gray line shows average positive control level (100%) for bcl-xL-transfected brain slices in this experiment.
pounds have been found to be efficacious in the middle cerebral artery occlusion (MCAO) model for ischemic stroke (12) (13) (14) .
By using this delayed neuroprotection assay, the chemical genetic compound collection described was screened on a blinded basis, yielding a total of 84 primary hits (see Fig. 7 , which is published as supporting information on the PNAS web site). Each of these hits was then assayed secondarily for preliminary concentrationresponse properties. Those hits that showed dose-dependent properties and good levels of efficacy were then assayed for delayed therapeutic potential by determining the extent of delay of drug administration (with respect to OGD) that could be tolerated without loss of neuroprotective activity. Of these initial hits, two compounds exhibited superior efficacy, reproducibility, and delayed therapeutic time windows of 5-10 h or more in providing increased neuronal survival after OGD.
One of these compounds was uncoded and identified as neriifolin (Fig. 3a) , a secondary plant metabolite derived from the yellow oleander (Thevetia peruviana, also known as Thevetia neriifolia) (15) . Structurally, neriifolin is related to the cardenolide steroid subclass of the cardiac glycosides, which also includes digitoxin, digoxin, and ouabain (16) . Neriifolin is known to be bioactive and is listed as one of the Ϸ450 compounds collected by the National Cancer Institute under the Molecular Targets Development Program. As can be seen in Fig. 3b , neriifolin showed significant rescue of cortical pyramidal neurons in a dose-dependent manner that otherwise would have degenerated and died subsequent to transient OGD in these brain slices.
Importantly, neriifolin also exhibited good therapeutic potential for delayed drug administration; in fact, neriifolin appeared to show enhanced neuroprotection at delays of several hours after OGD (Fig. 3c) . The delayed enhancement may be due to toxic aspects of cardiac glycoside action being more significant during the initial biochemical and signal transduction events triggered by OGD (e.g., refs. [17] [18] [19] .
Confirmation of the Neuroprotective Activity of Neriifolin in a Second
ex Vivo Model for Ischemic Injury. Next we confirmed the neuroprotective activity of neriifolin in a second brain-tissue explant model for ischemic injury. In this model we used transgenic mice expressing GFP driven by the Thy-1 promoter in which incomplete ''penetrance'' of the transgene leads to expression of GFP in only a subset of neurons, including pyramidal neurons in the cortex (20) . Explantation of cortical brain slices from these GFP mice at postnatal day (PND) 21 led to neuronal degeneration and cell death over the course of several days even in the absence of additional OGD treatment.
Although the dynamic range of this transgenic mouse-based model was not as robust as for the transfection-based primary screen, dose-dependent neuroprotection of cortical pyramidal neurons by neriifolin could be clearly observed (Fig. 4a) . This neuroprotective activity was in a similar concentration range as was originally observed in the primary screen (compare Fig. 3b ), although neriifolin's apparent potency was somewhat greater, perhaps because of the milder ischemic insult that was used in this model.
Neuroprotective Activity of Other Cardiac Glycosides. Interestingly, three other cardiac glycoside drugs, digitoxin, digoxin, and ouabain, were also included in this compound set but had not shown significant levels of neuroprotection in the original primary screen (see Fig. 7 ). We hypothesized that if these compounds were less potent and͞or efficacious than neriifolin in providing neuroprotection, they may not have emerged from the primary screen because of the harsh OGD conditions that were used and the high threshold that was taken to detect primary hits.
We thus used this milder transgenic mouse brain slice assay to reexamine the potential neuroprotective effects of these cardiac glycosides, of which digoxin is of particular interest because it is in current clinical usage for congestive heart failure and atrial arrhythmias. As would be predicted if the neuroprotective effects of neriifolin are mediated through its presumptive target, Na ϩ ͞K ϩ -ATPase, these additional cardiac glycosides also provided rescue of cortical neurons, although with reduced apparent potency compared with neriifolin (Fig. 4b) . Digoxin appeared to be least potent, with ouabain and digitoxin having intermediate potencies relative to neriifolin.
Evaluation of Neriifolin in a Perinatal Whole-Animal Stroke Model.
The data from two independent brain slice-based models for ischemic injury suggested favorable neuroprotective properties for 
neriifolin in terms of efficacy, potential therapeutic index, and delayed therapeutic potential. Moreover, neriifolin was previously reported to have a plasma half-life of 5 days and to cross the blood-brain barrier to a significant extent (21) . Neriifolin was thus advanced for testing in whole-animal rodent models for ischemic stroke to ask whether the neuroprotective effects we observed in vitro would also be relevant in in vivo injury paradigms.
We first used the Rice-Vannucci model of perinatal hypoxiaischemia as a preliminary in vivo test for neuroprotective action because of its simplicity and rapidity and because of the similarity of tissue maturation in this model to the brain slice-based OGD assays used in our primary and secondary screens described here. The Duke University Institutional Animal Care and Use committee approved this study. A dose escalation study was first performed that defined an i.p. neriifolin dose of 0.22 mg͞kg to be subtoxic when given during hypoxia-ischemia. In an unblinded but randomized trial, neriifolin (0.15 or 0.22 mg͞kg) or vehicle [propylene glycol͞EtOH͞PBS (40:10:50 vol͞vol)] was given as a single 100-l bolus i.p. injection at the time of carotid occlusion in PND 7 rat pups. At PND 14 the ratio of ipsilateral to contralateral brain weights (ϫ100) was increased with 0.15 mg͞kg neriifolin (86 Ϯ 16%, n ϭ 31, P ϭ 0.0006) and 0.22 mg͞kg neriifolin (97 Ϯ 14%, n ϭ 22, P Ͻ 0.0002) versus vehicle (69 Ϯ 17%, n ϭ 24). Assessment of neriifolin efficacy was repeated with a blinded randomized design, which also controlled for vehicle effects. There was no difference for interhemispheric weight ratios between vehicle (n ϭ 28) and PBS (n ϭ 25) injections, whereas brain weight differences were significantly reduced by 0.22 mg͞kg neriifolin (n ϭ 23, P Յ 0.01; Fig. 5a ).
Evaluation of Neriifolin in an Adult MCAO Stroke Model. Given the positive results for perinatal hypoxia-ischemia, neriifolin efficacy was next determined in adult rats subjected to 90 min of temporary MCAO. Pilot studies determined that up to 3 mg͞kg neriifolin could be given i.v. without substantive changes in arterial blood pressure. Rats were then randomly assigned to receive vehicle (10% acetic acid) or neriifolin (0.75 mg͞kg or 1.5 mg͞kg i.v.) at MCAO onset (n ϭ 7 per group). Cerebral infarct sizes measured at 24 h after MCAO were reduced in a dose-dependent manner by neriifolin (Fig. 5b) .
Discussion
Taken together, these data from ex vivo and in vivo assay models for ischemic stroke suggest that modulation of biochemical pathways targeted by the cardiac glycoside neriifolin may be useful for the development of new therapies for stroke treatment. The neuroprotective activity of neriifolin was initially identified in the course of a hypothesis-neutral, chemical genetic screen we undertook to survey the widest possible range of potential biological drug targets in the shortest amount of time, and, in particular, to identify well characterized biochemical pathways not previously implicated in neuroprotection as the fastest path to clinical use. The presumptive target of neriifolin is the Na ϩ ͞K ϩ -ATPase, and, indeed, all four of the cardiac glycosides tested, including two that have been used clinically, showed neuroprotection in a transgenic brain slice model for ischemic damage (Fig. 4b) .
Unexpected Neuroprotective Action of Cardiac Glycosides. Nevertheless, we initially found the identification of neriifolin to be unexpected given the toxicity of ouabain and other related compounds (e.g., refs. 14-16). Moreover, compromised Na ϩ ͞K ϩ -ATPase activity has been suggested to play a role in a range of neuropathologic and apoptotic contexts (reviewed in refs. [22] [23] [24] , and decreases in Na ϩ ͞K ϩ -ATPase activity have been reported in some model systems of focal ischemia and traumatic brain injury (e.g., refs.
25-27; but see refs. 28 and 29).
However, the cardiotonic action of digitalis cardiac glycosides provides an interesting precedent to this seeming paradox. Although the therapeutic use of digitalis dates back to the 18th century and is by now taken for granted, the intrinsic toxicity of these compounds must have originally appeared to be contrary to their clear positive inotropic effect in treating congestive heart failure.
By analogy, inhibition of Na ϩ ͞K ϩ -ATPase in the context of ischemic stroke could lead to a positive outcome: in this case as a ''neurotonic'' providing a neuroprotective͞neuroresuscitative benefit as has been previously observed for kidney cells and neurons in some experimental settings (30) (31) (32) (33) (34) . Indeed, neriifolin and other cardiac glycosides were recently found to provide neuroprotection against polyglutamine-mediated cytotoxicity (35) .
Potential Neuroprotective Mechanisms of Cardiac Glycoside Action in
Ischemic Stroke. One possible mechanism for neriifolin's apparent neurotonic action is the reduction of ATP consumption by the Na ϩ ͞K ϩ -ATPase through inhibition of its catalytic activity during ischemia-reperfusion injury, consistent with the concept framed by Hochachka (36) of combined metabolic and channel ''arrest'' as a defense strategy against hypoxia.
Second, although blocking excitotoxicity-induced Ca 2ϩ overload of neurons after ischemic injury has been the focus of numerous therapeutic efforts, abnormally low levels of cytosolic Ca 2ϩ can also lead to neuronal cell death, as proposed in the ''Ca 2ϩ set-point hypothesis'' (37, 38) . In fact, Lee et al. (39) suggest that Ca 2ϩ starvation and apoptosis may be the predominant causes of cell death in the penumbra, particularly at later time intervals. The neuroprotective effects of neriifolin observed here may thus arise from increasing intracellular Ca 2ϩ levels through inhibition of Na ϩ ͞K ϩ -ATPase activity and decreased extrusion of intracellular Ca 2ϩ via the Na-Ca exchanger.
In support of this mechanism, Connor et al. (40) have reported that hippocampal CA1 neurons experience lower than normal levels of intracellular Ca 2ϩ over 1-3 days after transient ischemia, and they propose that elevating Ca 2ϩ levels in CA1 neurons could provide protection against delayed neuronal death across a wide postischemic therapeutic time window. Similarly, Biegon et al. (41) have shown that functional NMDA receptors fall below normal levels in the days after closed head injury and that administration of NMDA receptor agonists provides therapeutic benefit during this extended time period.
Finally, although the ionic transport function of the Na ϩ ͞K ϩ -ATPase has been extensively studied, a number of other signal transduction roles for Na ϩ ͞K ϩ -ATPase have emerged in recent years (e.g., refs. 42 and 43).
In summary, we have developed a brain slice-based, ultra-highcontent chemical genetic screening assay that has allowed us to examine 1,200 small-molecule compounds with known pharmacologies for potential neuroprotective properties. Importantly, this assay approach is scalable and can be used to screen 5,000-10,000 or more compounds per year (at single concentrations each) even in an academic laboratory setting with a three-to four-person team. As such, this approach can be used to conduct meaningful screens of targeted compound libraries and to identify clinically relevant targets and pathways that otherwise might not be represented in simpler cell-based or enzyme-based drug screens.
The system was validated by use of an established neuroprotectant (MK-801), which offered a potent but narrow therapeutic window. Other known experimental neuroprotectants (e.g., NXY-059, lubeluzole, citicoline, and gavestinel) emerged from the screen but had limited potency in vitro when given at delayed intervals after OGD termination. In contrast, this assay identified an unexpected class of neuroprotectants, the cardiac glycosides, which were efficacious as late as 6 h after OGD, presumably through interactions with Na ϩ ͞K ϩ -ATPase. Extension of these findings into preliminary whole-animal stroke models confirmed efficacy in vivo. Taken together, these studies indicate that cardiac glycosides warrant further study to define potential clinical value as pharmacologic intervention for stroke and support the role of hypothesis-neutral drug screening as a discovery strategy for neuroprotective compounds.
Materials and Methods
Chemical Genetic Collection of Small Molecules with Elucidated Pharmacologies. Approximately 1,200 drug-like compounds were selected for good pharmacologic properties, tractable biological targets, and likelihood of neural activity (from Microsource Discovery Systems, Prestwick Chemical, Tocris Cookson, and Sigma-RBI). This compound collection included the majority of Food and Drug Administration-approved compounds and was similar to that assembled by the National Institute of Neurological Disorders and Stroke Drug Screening Consortium (35, 44) .
Preparation of Cortical Brain Slices and OGD. Neocortical brain slices were prepared from PND 7 Sprague-Dawley rat pups, which were killed in accordance with National Institutes of Health guidelines. The cerebral cortex was dissected, cut into 400-m-thick slices as described previously (6) , and transferred into a container containing cold artificial cerebrospinal fluid with 1 M MK-801 before plating; MK-801 was not included in any subsequent procedures unless otherwise specified.
To mimic ischemic injury using transient oxygen-glucose deprivation (OGD) (45) , slices from one hemisphere of each brain were exposed to glucose-free, N 2 -bubbled artificial cerebrospinal fluid for 7.5 min in a low O 2 (Ͻ0.5%) environment. The OGD slices were then plated side-by-side with control slices from the contralateral hemisphere on nitrocellulose or Millicell (Millipore) permeable membranes, which were prepared identically except for no OGD. Thirty minutes after plating, the brain slice pairs were transfected (see Biolistic Transfection), transferred to 24-well plates, and incubated at 37°C under 5% CO 2 in humidified chambers.
Biolistic Transfection. To assay the amount of neuronal cell degeneration and death after OGD, brain slice explants were transfected with yellow fluorescent protein (YFP) expression plasmids driven by the cytomegalovirus promoter (pEYFPN1, CLONTECH), via biolistic particle-mediated gene transfer, to create a subpopulation of ''sentinel'' neurons (Fig. 1a) as previously described (46) using a Helios Gene Gun (Bio-Rad). Gold particles (1.6 m) were used as the DNA carrier (Bio-Rad or Strem Chemicals) with a DNA load of 2 g of DNA per milligram of Au, with the Helios unit set at 95-105 psi at an aperture distance from the brain slices of Ϸ2.5 cm.
After transfection, brain slices were transferred to 24-well plates containing culture medium into which individual chemical compounds had been previously dispensed. For primary screening, compounds were tested at more than two concentrations and two to four slices were scored at each concentration. Primary hits were confirmed at least twice in follow-on retests. For subsequent characterization studies, numbers of test concentrations and brain slices assayed were increased as described in the figure legends.
Assessment of Neuronal Survival. Neuronal survival was scored visually after 24 and 48 h by using Leica MZIIIFL fluorescence stereomicroscopes equipped with appropriate filter sets. Surviving pyramidal neurons in the cortical brain slice explants were identified based on their characteristic position, orientation, and morphology (for further details see Fig. 8 , which is published as supporting information on the PNAS web site). All pyramidal neurons were counted in each cortical brain slice explant; therefore, values reported represent the total number of surviving pyramidal neurons per brain slice.
Advantages of this screening approach included the ability to assay several sequential time points on the same sets of slices by using the vital marker yellow fluorescent protein (YFP) and the ability to identify specific neuronal cell types such as cortical pyramidal neurons based on dendritic morphology as described here. Moreover, visual scoring of numbers of healthy neurons constituted a quantitative assay with good dynamic range (from zero to hundreds of sentinel neurons per cortical brain slice explant) that was linear throughout this range and had essentially no background noise.
Preparation of Transgenic Mouse Brain Slices. Cortical brain slices were prepared from Thy-1-GFP transgenic mice (20) (line H) and placed into explant culture by using methods as described here for rat brain slices, except that PND 21 mice were used and no neuroprotectants (e.g., MK-801) were included in the artificial cerebrospinal fluid used during the slicing procedure. Under these conditions for older brain tissue, cortical neurons degenerated and died over the course of 1-3 days after explantation even in the absence of additional OGD.
Neonatal Hypoxia-Ischemia Model. The preparation was a modification of the previously validated Rice-Vannucci method (47, 48) . PND 7 Wistar rat pups of either sex were anesthetized with halothane. The right common carotid artery was exposed through a ventral skin incision. Without injuring the adjacent vagus nerve, the carotid was cauterized and transected, and the incision was closed with cyanoacrylate. After an 80-min feeding and recovery period with the dam, pups were placed in interconnected 450-ml Plexiglas chambers partially submerged in a 36.5-37°C water bath at one to two animals per chamber. Humidified 8% O 2 , balance N 2 flowed through the chambers for 2.5 h. The animals were then returned to the dam. On PND 14 pups were given a halothane overdose and decapitated, and the brains were removed. After removal of the cerebellum and brainstem, the forebrain was sectioned at the interhemispheric fissure, and the hemispheres were weighed. Brain necrosis was determined by comparing hemispheric weight ipsilateral to the carotid transection against contralateral hemispheric weight. Values were compared with one-way ANOVA and the Scheffé post hoc test.
MCAO. MCAO experiments were done through a contract with Skeletech (Bothell, WA). This study was conducted in compliance with the U.S. Department of Agriculture Animal Welfare Act. Briefly, normothermia male Sprague-Dawley rats (10 weeks of age) were anesthetized with halothane and surgically prepared for MCAO by using modifications of the technique described by Zea Longa et al. (49) . Through midline ventral cervical skin incision, the right common carotid artery was isolated. The external carotid artery was ligated and divided. A blunted 3-0 nylon filament was passed 20 mm into the internal carotid through the external carotid artery stump to occlude the MCA for 90 min, after which the filament was removed, the wound was closed with sutures, and the animal was awakened. Body temperature was maintained at 37°C during the surgery and during the postoperative recovery period via a heating pad. Twenty-four hours later the rat was reanesthetized. The brain was removed, sectioned at 2-mm coronal intervals, and stained with triphenyltetrazolium chloride. Infarct size was computed by image analysis. Values were compared with one-way ANOVA and the Scheffé post hoc test.
